The template activities of protein-free SV40 DNA and SV40 minichromosomes for DNA re-repllcatlon are compared in In vitro replication assays. Density substitution experiments and two-dimensional gel electrophoresis show that protein-free DNA can replicate for at least two cycles whereas salt-treated minichromosomes replicate only once. Re-repllcatlon of minichromosomes is blocked at the stage of replicatlve chain elongation suggesting that repllcatively assembled chromatin has structural features that prevent a second round of replication.
INTRODUCTION
Replication of simian virus 40 (SV40) DNA serves as a model system for the investigation of eukaryotic DNA replication under biochemically defined conditions. These studies are instrumental in identifying important cellular enzymes and other proteins involved in replicative chain elongation (1) (2) (3) . SV40 minichromosomes are also used as templates for in vitro replication, and experiments with minichromosomal templates provide important information concerning structural changes in chromatin during replication (4) (5) (6) (7) (8) .
Native viral minichromosomes, prepared at low salt concentrations from nuclei of infected cells, are composed of closed circular SV40 DNA with 26-28 nucleosomes and a number of associated non-histone chromatin proteins. Treatment with 0.5 M salt removes histone HI (9) and most non-histone proteins but does not affect the core nucleosomes (10) .
When incubated in cytosolic protein extracts from proliferating HeLa cells, native viral minichromosomes serve well as substrates for in vitro replication provided that the origin of replication is not blocked by nucleosomes and remains freely accessible for the initiator protein, large T antigen (6, 8, 11) . Under these conditions, DNA replication is accompanied by a transfer of parental nucleosomes from the prefork DNA stem to the replicated DNA branches (5) (6) (7) . In addition, new nucleosomes are assembled on newly replicated DNA from soluble histones in a reaction promoted by the chromatin assembly factor CAF-1 (12 -14) . This factor is a normal constituent of native minichromosomes, but dissociates when minichromosomes are treated with 0.5 M salt. Consequently, replication of salt-treated minichromosomes induces the transfer of parental nucleosomes to replicated DNA, but an assembly of new nucleosomes does not occur (14) .
We have studied the transfer of prefork nucleosomes and the assembly of new nucleosomes with model chromatin structures assembled in vitro (15) and discovered that replicatively assembled chromatin is unable to re-replicate (16) . Evidence suggested that the inability to re-replicate was due to the inhibition of a chain elongation process (16) . It is possible therefore that replicatively assembled chromatin has structural properties that prevent a second round of replication. This is a potentially important point as it suggests an interesting novel mechanism of replication regulation. To support our conclusion we found it interesting to extend our earlier experiments to using natural chromatin structures as templates rather than in vitro assembled chromatin.
For this purpose we compared the template activities of proteinfree SV40 DNA and viral minichromosomes under parallel incubation conditions. We now report that protein-free SV40 replicates efficiently for at least two consecutive cycles, and that the replication of minichromosomes is confined to one single cycle confirming earlier observations (4, 5, 17, 18) . Importantly, our results further show that the re-replication of minichromosomes is mainly blocked at the stage of replicative chain elongation. This finding supports the notion (16) that newly assembled chromatin has structural features which interfere with the progression of replication forks.
MATERIALS AND METHODS
Templates SV40 DNA was extracted from SV40 infected cells by the Hirt procedure (19) and purified by CsCl equilibrium centrifugation.
Viral minichromosomes were prepared from nuclei of SV40 infected cells essentially as described before (5, 10) . For salt treatment, native minichromosomes were incubated for 1 h on ice in 0.5 M potassium acetate and then pelleted by ultracentrifugation (14) . The pellet of salt-treated minichromo-
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Replication in vitro
Cytosolic extracts were prepared from proliferating human HeLa cells, cultivated as monolayers, essentially as described (20) with modifications (14) . SV40 large T antigen was isolated by immunoaffinity chromatography (21) . Standard reactions were performed in 50 /tl volumes containing 150 /xg cytosolic proteins; 1 jig T antigen; 40 mM Hepes, pH7.8; 4 mM MgCl 2 ; 0.5 mM dithiothreitol; 3 mM ATP; 0.1 mM each of GTP, CTP, UTP; 25 mM [a-
32 P]dATP (0.2 /tCi); 0.1 mM each of dGTP, dCTP, dTTP and an ATP-regenerating system (20 mM creatine phosphate; 5 /tg phosphocreatine kinase). For density labelling, dTTP was substituted by 0.1 mM 5-bromodesoxyuridine triphosphate (BrdUTP). Reaction mixtures contained either 100 ng SV40 DNA or 600 ng SV40 DNA in minichromosomes (14) . Incubations were performed at 37°C for 90 to 180 min as specified below. DNA was purified from the reactions by phenol/chloroform extraction and ethanol precipitation.
Agarose gel electrophoresis
Electrophoresis was performed in 0.75% (w / v) agarose gels at room temperature in TBE buffer (45 mM Tris-borate; 0.5 mM EDTA, pH 8.4) at 5 V / cm. Two-dimensional electrophoresis with 0.4 or 0.55 yM chloroquine in the second dimension was performed as described (5, 22) .
Equilibrium density gradient centrifugation
The purified DNA was adjusted to 10 mM Tris-Cl, pH 7.5; 1 mM EDTA and 1.8 M CS2SO4 in a volume of 5 ml. Centrifugation was performed in a Beckman VTi65 rotor at 54,000 rotations/min and 20°C for 18 h. The gradient was collected in fractions. The CS2SO4 concentration in each fraction was determined by refractometry. Total incorporated radioactivity was determined as precipitates in 10% trichloroacetic acid. For electrophoretic analysis, the DNA was recovered from each fraction by gel filtration (Sephadex G50) and concentrated by ethanol precipitation.
RESULTS

Experimental system
We compared the replication of protein-free DNA and of salttreated minichromosomes under similar incubation conditions in parallel assay mixtures. We have chosen salt-treated minichromosomes for these experiments because they effectively transfer their nucleosomes to progeny DNA during replication, but, unlike native minichromosomes, do not promote the assembly of new nucleosomes. An assembly of a full complement of nucleosomes could block the SV40 origin of replication and prevent the binding of the initiator T antigen (6) (7) (8) .
Optimal template concentrations for a standard reaction were determined to be 100 ng protein-free DNA or 600 ng of DNA in salt-treated minichromosomes. A higher amount of minichromosome templates is necessary to compensate for the fact that a fraction of only 20 -25 % of all minichromosomes have a nucleosome-free origin accessible for the initiator T antigen (23 and references therein). In addition, minichromosome preparations include partially assembled virions which are completely inert as templates for replication (10) . However, we shall demonstrate below (Fig. 2 ) that 100 ng minichromosomes lead to replication products like those obtained with 600 ng minichromosomes as templates. This excludes a sequestration of essential replication functions by the higher concentration of minichromosomes.
After addition of T antigen, replication of protein-free DNA started with an initial lag phase of 10 to 20 min (20) and continued with an essentially linear rate of nucleotide incorporation for more than 2 h. The lag phase for minichromosome replication was longer, and replication started at low initial kinetics of nucleotide incorporation, but after 50 to 60 min of incubation, the replication RI III figure 1. Products of in vitro replication. Protein-free SV4O DNA and salt-treated SV40 minichromosomes were replicated in cytosolic extracts from HeLa cells as described in the text. After 120 min incubation times, the labelled replication products were extracted and investigated by agrose gel electrophoresis and autoradiography. Lane 1, replication products of protein-free SV40 DNA; lane 2, replication products of salt-treated minichromosomes. The positions of supercoiled form I DNA, linear form ID DNA, open or relaxed circular form II DNA and of replicatrve intermediates (RI) are indicated. kinetics of minichromosomes approached that of protein-free DNA and remained high for several hours (14) . The reason for the longer lag phase of minichromosomal templates is not known. A consequence of the longer lag phase is that, at given times during the incubation reactions, 10-20% less nucleotides are incorporated into replicating minichromosomes compared to replicating DNA templates. For example, after 150 min about 50 pmoles desoxynucleotides are typically incorporated into replicating minichromosomes compared to about 80 pmoles desoxynucleotides incorporated into replicating protein-free DNA (14) . For analysis, DNA was extracted from the reactions after an incubation time of 2 h and investigated by agarose gel electrophoresis and autoradiography.
With protein-free DNA as template, mature replication products were open and closed circular DNA molecules with a few supercoils (Fig. 1, lane 1) . As described in detail before, the supercoils are due to thermal fluctuations at the time of ring closure, but a few negative supercoils also arise as a consequence of a limited assembly of nucleosomes during replication (5, 14) .
With minichromososomes as templates, most mature, circular replication products had a higher number of negative supercoils and migrated as form I DNA molecules during electrophoresis (Fig. 1, lane 2) . In this case, the formation of supercoils is due to the presence of nucleosomes that were transferred from the template to the replication products (5) .
In addition to unit length linear and circular DNA, replication in vitro always produces a large fraction of labelled DNA that migrates more slowly during gel electrophoresis (RI, Fig 1) . This fraction includes true replicative intermediate theta (0) structures (24) , dimeric molecules trapped in a late stage of replication or segregation (25) and rolling-ring-type structures (26) that arise after artefactual breakage of a replication fork during incubation or extraction. 
Density substitution experiments
For a further investigation of the replication products we performed density substitution experiments replacing dTTP by bromodesoxyuridine triphosphate (BrdUTP) in standard reaction mixtures. After 150 min incubation time, the DNA was extracted and examined by CS2SO4 equilibrium density gradients with [ 3 H]-thymidine-labelled SV40 DNA as a density marker (unsubstituted LL-DNA in Fig. 2) .
The products of minichromosome replication had a rather narrow distribution and appeared mainly in gradient fractions with a density slightly higher than that of hemisubstituted HL DNA composed of one thymidine-containing strand and one BrdUcontaining strand. Similar results were obtained with 100 ng (Fig.  2A ) and 600 ng (Fig. 2B ) minichromosomal templates except that more nucleotides were incorporated at the higher template concentration.
In contrast to the replication products of minichromosomes, the replicated protein-free DNA appeared as a broad distribution of molecules including hemisubstituted HL-and fully substituted HH-DNA carrying BrdU residues in both strands (Fig. 2 C) . Hemisubstituted HL-DNA corresponds to the products of the first round of semiconservative replication while fully substituted HH-DNA includes the products of at least one additional round of replication (re-replication). In addition, a large fraction of DNA bands at intermediate densities between HL-and HH-DNA (Fig.  2 C, fractions 9-12 ).This DNA of intermediate density most likely corresponds to the replicative intermediate DNA shown as RI in Fig. 1 .
Thus, gel electrophoresis shows that replication of protein-free templates leads to circular DNA products (Fig. 1) , and density gradient centrifugation (Fig. 2) shows that a significant fraction of replicated DNA has the HH density indicative of re-replication. To directly demonstrate the production of mature, closed circular DNA during re-replication we used two-dimensional gel electrophoresis with chloroquine in the second dimension (5). Intercalating chloroquine changes the topology of closed circular DNA by introducing positive superhelical turns, and, at appropriate concentrations of chloroquine, supercoiled form I DNA can be electrophoretically resolved in a spectrum or arc of DNA topoisomers. This method is useful for the present purpose because the presence of BdrU residues in DNA strands affects the chloroquine-dependent introduction of positive supercoils. As previously described in detail (16) and outlined in Fig. 3 , chloroquine intercalation results in separate arcs of topoisomers from unsubstituted LL-, hemisubstituted HL-and fully substituted HH-DNA. Thus, mature, closed circular replication products of the first and of additional rounds of replication can be separated and analyzed on one two-dimensional gel.
To use this novel experimental approach, we have replicated protein-free SV40 DNA and minichromosomes under the standard conditions of Fig. 1 , but using BrdUTP instead of dTTP followed by an analysis of the products in two-dimensional gels.
All radioactively labelled mature circular DNA had either gone through one replication cycle and was hemisubstituted, or it had re-replicated at least once and was therefore fully substituted. We found indeed two arcs of DNA topoisomers when proteinfree DNA was used as template for in vitro replication (Fig. 4A) , and the presence of the HH arc is a direct proof for at least one complete round of re-replication. In contrast, only one arc of topoisomers was detected when replicated minichromosomes were investigated under the same conditions (Fig. 4B) , and this arc corresponds to the arc of hemisubstituted DNA.
Two-dimensional gel electrophoresis has an additional advantage as it provides information about the exact number of supercoils in replicated DNA. We found that replicated and rereplicated closed circular protein-free DNA had a distribution from 5-6 positive up to 10-12 negative supercoils (Fig. 4A) which were introduced at the time of ring closure. Each nucleosome on mature replication products causes the introduction of one negative supercoil after deproteinization (24) . Therefore, the excess of a few negative supercoils on the products of replication (HL) and re-replication (HH) of potein-free templates probably indicates an assembly of a few nucleosomes during replication as discussed before (5, 14) .
Replicated minichromosomal DNA had a higher number of negative supercoils (Fig. 4B) , corresponding to an average of 13 -15 nucleosomes present on replicated minichromosomes before deproteinization. This is about half the number of nucleosomes on the unreplicated minichromosomal templates (5). The nucleosomes on replication products are widely distributed Note that the different chloroquine concentrations used lead to slightly different forms of the topoisomer arcs as some replication products contain only a few or no nucleosomes and others clearly much more than the average (Fig.  4B) 
Inhibition of chain elongation
The results, just described, show that protein-free DNA can replicate for at least two cycles in vitro whereas minichromosomes replicate for only one cycle. We now address the question of whether re-replication is blocked at the stage of initiation or after initiation during replicative chain elongation. A density substitution experiment was performed and evaluated by equilibrium density centrifugation as above (see Fig. 2 ), but followed by electrophoretic analysis of individual fractions.
The results with replicated protein-free DNA showed a peak of mature relaxed topoisomers as well as open circular form II DNA at the HL density of hemisubstituted DNA (Fig. 5A,  fraction 13 ) and a separate peak of mature circular DNA at the HH density of fully substituted DNA (Fig. 5A, fraction 9 ) demonstrating, in agreement with the data of Fig. 4 , that proteinfree DNA was able to re-replicate. Most of the slowly migrating, high molecular weight DNA appeared at densities between HLand HH-DNA suggesting that it contains replicative intermediate DNA in the process of re-replication.
In contrast, replication of minichromosomes resulted in only one peak of mature, supercoiled DNA banding at the HL density of hemisubstituted DNA (Fig. 5B, fraction 13 ). In addition, a large fraction of high molecular weight DNA appeared at densities somewhat higher than that of hemisubstituted mature DNA (Fig.  5B) . A significant fraction of these molecules are replicative intermediates, and their accumulation in fractions of higher than HL density suggests that re-replication of replicated, hemisubstituted minichromsomal DNA was initiated but not completed.
We note some relaxed topoisomers and some form n DNA at the HH density of mature DNA (Fig. 5B ). This is due to the fact that parental nucleosomes are dispersively distributed to replication products in the first cycle (5) producing a small fraction of DNA molecules without nucleosomes (see : Fig. 4B ). These nucleosome-free products of the first replication cycle participate in re-replication, just as expected for protein-free DNA.
The block of re-replication of replicated minichromosomes cannot be explained by an inactivation of a replication function in the cytosolic extract because the experiment of Fig. 5 was performed after an incubation time of 120 min, but minichromosome replication can continue at high rates for additional periods of at least 60 to 120 min (14) , and the results of equilibrium density centrifugations were very similar when replicated minichromosomal DNA was investigated at early or later times of incubation (not shown). This observation implies that new minichromosomal templates were constantly recruited from the pool of unreplicated minichromosomes. These templates replicated once, and re-replication was initiated, but came to a halt during the elongation phase of the second replication cycle.
DISCUSSION
We have shown that protein-free SV40 DNA is able to replicate in vitro for more than one cycle, and that, under similar assay conditions, viral minichromosomes replicate for only one complete cycle. Under our reaction conditions re-replication of minichromosomes can only be marginally affected by nucleosomes occupying the replication origin because replicated minichromosomes carry just half the maximal number of nucleosomes. Consequently, the fraction of minichromosomes with a nucleosome-free origin should increase after a replication cycle. In fact, replicative intermediates accumulated during incubation showing directly that re-replication was initiated, but not completed.
As a possible explanation, it may be argued that the six-fold higher amount of minichromosomal template DNA (600 ng) compared to protein-free DNA could dilute essential replication functions which may be present in limiting amounts in the cytosolic extract. However, an inhibition of re-replication was also observed in replication assays with 100 ng of minichromosomal DNA under otherwise identical incubation conditions (Fig. 2) .
Another possible explanation is that incubation in assay mixtures with relatively high divalent cation concentrations could cause a compaction of chromatin but not of protein-free DNA. A compaction of chromatin has been observed in transcription studies in vitro (28) . But compaction should equally affect preand post-replicative minichromosomes and should result in a decrease of nucleotide incorporation. However, this was not observed, and the rate of minichromosome replication parallels the rate of replication of protein-free DNA during several hours after addition of T antigen (14) . Furthermore, a compaction of chromatin would not explain why only the second round of replication (re-replication) remains uncompleted.
We favour another explanation for the different re-replication potentials of protein-free DNA and minichromosomal templates. We propose that replication may change the structure of chromatin and leaves an imprint that effectively distinguishes prereplicative and post-replicative minichromosomes. The imprint affects the elongation reaction and could be due to an altered nucleosome structure. This possibility is supported by our recent experiments with model chromatin structures showing that the extent of inhibition of re-replication is directly correlated with the number of nucleosomes on post-replicative chromatin (16) . Replicative fork movement comes to an early halt on postreplicative chromatin with high nucleosomal density, but continues somewhat further when the number of nucleosomes is low on post-replicative chromatin (16) . We note that the structures accumulating during the re-replication of SV40 minichromosomes (Fig. 5 ) are identical to those accumulating during the re-replication of the model chromatin structures investigated before (16) .The important conclusion here is that the inhibition of re-replication affects not only in vitro assembled chromatin, but also natural SV40 minichromosomes.
Presently, we have no information concerning the mechanism responsible for the inhibition of re-replication. It could be due to an inhibition of the transfer of prefork nucleosomes to the replicated DNA branches. This could be caused by the deposition during replication of a non-histone protein, by a modification such as acetylation of replicatively assembled histones (29, 30) , or by a combination of both. In support of this latter possibility it has been shown that histone acetylation causes a different association of regulatory proteins with chromatin on the promoters of the 5S-rRNA gene (31) and in the long terminal repeat of mouse mammary tumor virus (32) . Interestingly, functionally different pre-replicative and post-replicative chromatin structures have also been observed in transcription studies showing that replication-coupled chromatin assembly but not replication-independent chromatin assembly represses the basal transcription from chromatin (33) .
We like to extrapolate from our work on viral minichromosomes to cellular chromatin and suggest that the refractory state of newly replicated chromatin may be one mechanism responsible for preventing re-replication reactions during the ongoing S phase of the cell cycle. Our model implies that a reformation of replication-competent chromatin occurs at some point after completion of S phase.
We note that, in contrast to the experimental condition described here, replicatively assembled nucleosomes in vivo are densely packed on newly replicated sections of the genome. The high nucleosomal density should effectively prevent an accumulation of stalled replication forks.
Regulation of re-replication was shown to be relaxed in SV40-infected cells, and cellular genomes replicate apparently several times within an S phase (34, 35) . This property of infected cells may guarantee an unconstrained replication of SV40 minichromosomes. It also resolves an apparent paradox : the minichromosomal templates used in the present study are the in vivo products of at least one round of replication, yet they are excellent templates for replication in vitro. An obvious conclusion is that a mechanism must exist in vivo which restores the structure of chromatin after replication and converts post-replicative to prereplicative chromatin.
